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MEASUREMENTS OF SHOCK AND DETONATION PRESSURES

An "aquarium technique'" for the measurement of shock and detonation pressures
is described which is capable of measuring accurately pressures bver a range
extending from roughly one to several hundred kilobars. An experimental deter-
mination of the equation of state for water, upon which use of the aquarium
technique relies, is presented and compared with results obtained by other
investigators. Similar data ar- presented for lucite. Measurements of pressures
at the detonacion front for a variery of explosives including both ideal and non-
ideal ones are presented for various charge diameters and lengths using explosives
of widely different reaction zone lengths. These pressures were found to cor-
respond to the Chapman-Jouguet value of the detonation pressure calculated from

thermohydrodynamic theory.



Introduction

When a shock wave propagates through an undisturbed medium of density p;,
all the remaining shock wave parameters may be expressed uniquely in terms of
any one chosen parameter. For example, pressure, temperature, and particle
velocity may each be expressed uniquely in terms of the velocity of the shock
wave. The fact that disturbances, even of relatively low pressure, propagate
in water as shocks, coupled with the fact that water is transparent, thereby
permitting convenient and continuous observation of shock velocity by a streak
or framing camera, suggest that pressur2s of shock in an incident medium may
be measured by transmitting them into water.

Before water can be us:=d as a pressure measuring medium, however. its shock
parameters must be known. Ths Rankine Hugoniot curves for water have been

QY]

Kirkwood

(4)

derived by a number of investigators including Kirkwood and Montrall,

(2) (3)

and Richardson, Richardson, Arons and Halver son,

(5)

and Doering and Burkhardt. In these trearments systematic extrapolations of
(6,7)

Arons and Halverson,
Bridgman's PVT data for water were made. Probably the most comprehensive
extrapolation of Bridgman's PVT data, however, was carried out by Snay and

® o (9,10)

Rosenbaum

used more recent data of Bridgman which for water extended

to 36,500 kg/cm2 and for ice VI1 to 50,000 kg/cmz.

(11) In

A different approach was used in a later study by Walsh and Rice.
their method an intense plane shock wave was generated in an aluminum plate by
the detonation of a slab of Composition B in contact with one side of the plate.
The shock through a portion of the plate was then transmitted into water. Higher
pressures in the aluminum plate were reported by '"slapping' the aluminum plate
with a thin, high velocity, explosively driven plate rather than detonating the
charge directly in contact with the test aluminum. By application of a special
streak camera technique pioneered by Walsh and coworkers and through use of a
previously derived equation of state for aluminum the shock velocity in water as
a function of the corresponding shock pressure in the aluminum at the interface
was determined. Continuity conditions of pressure and particle velocity across
the interface between the aluminum and water were then applied to determine the

Hugoniot curves for water.
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In determining shock parameters for water a factor which should be con-

sidered is the possibility of a phase change of the medium within the shock

(8)

wave. This possibility was investigated by Snay and Rosenbaum

(11)

and by Walsh
and Rice. According tc Snay and Rosenbaum the Rankine Hugoniot curve for
supercooled water and the Rankine HugonioL curve for partially frozen water
are never far apart, and thus the shock velocity would not be materially affected
if freezing did occur. Since partial freezing of a liquid should lead to
reduced transparency, because of differences in indices of refraction of water
and ice, Walsh and Rice carried out some transparency experiments of water
being traversed by a shock wave in the pressure range of 30 to 100 kilobars.
No sign of opacity due to freezing was observed. They concluded, therefore,
that even though P,T conditions might be proper for freezing under static
conditions the time the liquid was under the correct conditions within the shock
wave apparently was too short for freezing to occur.

In using water as a pressure gauge (by obhserving the transmission of the
shock into it) one must calculare from the measured shock pressure in water
the pressure in the incident medium from which the water shock was transmitted.
In a previous application of the "aquarium technique' for the measurement of
(12) The first

method, which was considered the more exact one, was patterned after a treatment

pressure, two procedures were used to perform such a calculation.

given by Riemann for a shock propagating across a boundary into a medium of
lower impedance. The second method utilized the shock 'impedance mismatch"
equation
: +
s o b W
ot ZDtvt

where p is the pressure, ¢ is the initial density of the medium before being
traversed by a shock, V is the velocity of the shock, and subscripts i and t
designate the incident medium and the transmitting medium, respectively.
Although the shock impedance mismatch equation theoretically should only be
accurate when the wave reflected at the interface is a weak shock, in the
investigations covered by Reference 12,where the reflected waw was a rare-
faction, equation (1) was found to yield results in a very good agreement with

the first method. Consequently, in the present study equation (l) was used to
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calculate Py from measured values irrespective of whether the reflected wave
was a release wave or a shock wave.

This report presents results obtained by application of the aquarium method
for the measurement of detonation pressures of a number of explosives.

Furthermore, since the results of Snay and Rosenbaum were derived from an
extrapolation of low pressure PVT data, and since the curve of Walsh and Rice
is dependent upon the equation of state of aluminum and application of continuity
conditions across the aluminum-water interface, results of a shock parameter study
for water by a third, independent method are described. Less comprehensive results
are also presented for lucite which, like water, possesses desirable character-

istics for use as the transmitting medium for measurement of pressure.

Experimental

(a) Shock parameter dcterminations

The shock parameters which are of interest in this study are related by the

familiar hydrodyihamic equations

P-p,= plvw (2a)
W/v = [1-(py/0)] (2b)

and the approximatec relation
W= vfs/z (3)

where p is the pressure, 0 is the density, V is the shock velocity, V the

fs
free surface velocity, and W is the particle velocity, the subscript 1 indicating
initial conditions before passage of the shock wave. Equation (3) expresses the
fact that the particle velocity in the shock at a free surface is approximately
twice the particle velocity in the shock in the medium in question.

The method used for determining the shock-parameter data for water and some
of the data for lucite consisted of simultaneous measurements of the shock vel-
ocity immediately inside the free surface and the free surface velocity as the
shock emerged from the water or lucite. Observations of the shock and free
surface velocities were made with a rotating mirror streak camera using diffuse

backlighting from an explosive flash bomb to show the propagation of the shock

wave and the free surface. Fig. 1 illustrates the aquarium setup. Note that
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Fig. l: Aquarium setup for measuring velocity of water shock along the charge
axis and free surface velociry.

point-initiated charges were us=d. For this reason it was necessary that the
slit view of the streak camera lie along the charge axis in order to obtain
the correct values of shock velocity and the corresponding free surface velocity.
Care was also taken in the alignment for the free surface in the cases of both
the water and the lucite to lie on the optic axis of the system so- that the view
of the camera was flush with the free surface.

Two sizes of aquaria were used, the smaller being 6" x 6" x 6" and the larger
12" x 12" x 8", the size of the aquarium being dictated by the height, h, of
water above the receptor charge. As h was increased above a certain limit the
dimensions of the aquarium had to be increased due to the fact that the shatter-
ing of the glass propagated with a velocity which exceeded the shock velocity
in the liquid. Increasing the size of the aquarium, of course, resulted in an
increased path length for fracrure which permitted the events of interest at the

water -air interface to be photographed before they were obscured.
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The pressure or velocity of the shock wave when it reached the air surface
was varied primarily by one of two methods: (1) by varying the height, h, of
the liquid above the surface of the generator charge, and (2) by varying the
size of the shock-geﬁerator charge, since use'of.smaller diameter generator
charges resulted in a more rapid attenuation of the sheck in water. With 3"
diameter x 3" length shock-generator charges and 2'" diameter x 2" length donor
charges of Composition B the pressure of the shock wave, when it reached the
water-air interface, could be varied conveniently between an upper limit of
about 130 kb when the height of the liquid was 0.5 cm and a lower limit of
about 30 kb using a liquid height of about 7 cm. For lower pressure, rather
than employing further increases of water height, it was more convenient to
reduce the size of the charge. Consequently, for pressures below roughly 30 kb
and down to as low as 1 kb, 1" diameter x 1" length Composition B shock-generator
charges and 1" diameter x 3" length donor charges were used. The calibration
curve was extended to 155 kb by using a charge based on HMX as the shock-generator
charge. This value was sufficiently high for measurements of detonation pressures
of the explosives of interest. Walsh and Rice reported, however, extending shock
parameter data to above 300 kb by hurling an explosively driven, thin, flat plate
across a short air gap.

The silhouette-type lightbomb comprised a 4'" diameter x 3" length 50/50
TNT/Composition B charge inserted in a 4'" x 30" pasteboard tube of about 1/16"
wall thickness. A sheet of translucent polyethylene plastic was taped to the
front of the tube which served as a diffusing screen. The height of the light-
bomb was adjusted so that the surface of the water in the aquarium was approximately
in line with the center of the front of the lightbomb as viewed by the camera.
The aquarium assembly and the streak camera were arranged such that the slit view
of the streak camera was as shown in Fig. 1, i.e., perpendicular to the water-
air interface and lying along the axis of the generator charge. Consequently,
with proper synchronization of the lightbomb, a streak camera trace was obtained
of the shock propagating through the liquid to the water-air interface. When the
shock front reached the surface of the water the trace showed a rarefaction

wave propagating back into the water and the spalling of the water surface. This
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spall apparently is in the form of a very fine spray because it is relatively
opaque and permits photographing the motion of its front and thus the direct
recording of the free surface velocity.

Fig. 2 reproduces a typical streak camera trace showing the attenuating
shock wave, the release wave., and spall. Note thatlEhe spail velocity is very
constant. The results of interest obtained from the films are the shock velocity
just as the shock reached the interface and the free surface or spall velocity;
Both these measurements were obtained from the slopes of -the traces at the
interface through applicatinn of the proper magnification factors and camera
writing speed. The writing speed of the camera in general was chosen such that
the slopes of the shock wave trace and the free surface trace about equally
bracketed the slope correspending to a 45° angle.

The water used in this invesrigation was ordinary tap water rather than
distilled water because the amounts required were rather large (some équaria
holding seven gallons) and the difference between the compressibility of
distilled water and tap water is .small. The temperature of the water was
20°E k- HE” .

A few shock-parameter determinations for lucite were made in the same
manner as those for water, i.e.. by simulfaneous measurements of shock velocity
at the free surface and rhe free surface velocity. However, a greater number
of determinations were made by transmitting the shock from lucite into water,
measuring the final velocity of the shock in lucite and the initial velocity of
the shock in water by means of a streak camera (utilizing a silhouette backlight
bomb to render the shocks visible), and then by means of the previously obtained
equation of state for water and equation (1), calculating the shock pressure in
lucite immediately inside the lucite-water interface. The shocks in lucite were
generated by the detonation of 4.8 cm diameter x 18 cm length, point initiated,
cylindrical Composition B charges. As in the aquarium method the assemblies
were carefully aligned in order rthat the slit view of the streak camera fell
along the charge axis which made the use of expensive plane wave initiators
unnecessary. The strength of the shock in lucite at the lucite-water inter-
face was regulated by varying the thickness of lucite between the charge and

the water. The diameter of the lucire was in all cases sufficiently large to
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shield the detonation products from the region where the motion of the shock

wave was observed.

b. Detonation pressure determinations

.Fig. 3 illustrates the aquarium assembly used for measuring the initial
velocity of the shock‘(and pressure) in water transmitted directly from a
detonation wave; As in the previous cases the assembly was aligned such that
the streak camera observations w=re made along the charge axis, the height and
tilt of the assembly being such rhat the bottcm face of the charge in this case
was coincident with (and parallel) to the optical axis of the camera. The
streak camera at this installation viewed upward through a periscope in which
the line of sight was reflected to a horizontal diréction by a front surface
mirror. The camera was mounted on a turntable and three supporting casters,
permitting rotation of the camera about its aptical axis. Thus, the slit view
‘of the camera could conveniently be adjusted to either the horizontal or vertical

direction or to any position between them simply by rotation of the turntable.

_— Slit view of

r’f”’ streak camera

Window for measurement

|
of detonation velocity S K
| |~ Silhouette lightbomb
l
‘ L *.,/ /‘Glass aquarium
! . 4 | \
I A S
& mpang i 1 3 .
| TR Ly
| N =7 1 "
[ S =R SRR
- L |

Fig. 3: Aquarium assembly for mecasurement of velocity along the axis (and

pressure) of the transmitted shock in water from a detonation wave.
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This method of mounting the camera therefore permitted the proper alignment to
be made with eace.

The cast charges were detonated with the bare end immersed in the aquarium.
H0wéver, in cases where there existed the possibility of absorption of water or
solution of some of the charge components the charges were spraye§ with Krylon
for waterproofing. Charges made up from granular or loose material were vibrator-
packed in thin-walled (approximately 1/16" thick) cardboard tubes. The ends of
the charges which were immersed in water in these cases were Yclosed off" with
a layer of polyethylene 3 mils thick which was too thin to affect appreciably
the shock transmitted into rhe water.

The average densities of all charges were determined just prior to firing.
In addition to the determination of the initial velocity of the shock transmitted
into water the detonarion rate of rthe charge was measured, and thus all variables
were evaluated whose magnitudes were required in the impedance mismatch equation
for calculation of pressure in the incident medium in terms of that in the
transmission medium. Detonatiosn velocities as well as the initial shock vel-
ocities were calculated from rhe slopes of the traces. This procedure when
carefully applied was found rc yield sarisfactory results even for the initial
shock velocity determinations because care was taken to obtain traces of
approximately 457 slope but more importantly because in many cases (with the
primary exception of short charges) the attenuation of the water shock during

the initial stages proved nor to be rapid.

Numerous measurements of the peak pressure in the detonation wave to detect
pressures higher than the C-J pressure have been carried out previously.(l3’1a)
However, these experiments utilized measurements of free surface velocity of an
aluminum plate in contact with the test explosive. Since the observations were
carried out on the free surface or exit side of the aluminumkrather than at
the explosive-metal interface, extrapolations to zero thickness had to be made
in order to determine the pressure or particle veloéity at the detonation front.
The fact that extrapolations were required dictated the use of very thin plates
for which questions as to the validity of the measurements have been raised.(15’16)

The difficulties in using excessively thin plates in the method: of Ref. 13

and 14 were amplified by the fact rhat experiments were devoted mainly to



-11-~

explosives of short reaction zone length, such as Composition B, cast TNT, and
fine, granular INI for which the detonation "spike'" would be '"erased" quickly

as it propagated into the aluminum. In the aquarium method, however, where a
continuous. observation of the shock wave velocity from the explosive-water
interface outward inrto the liquid is possible, one does not need to use thin
layers of the transmiftting medium. Admittedly, a streak camera may not be able
to resolve very rapid changes in velocity (or pressure) in a short distance near
the explosive-water interfacz. Consequently, in this study emphasis was placed
upon the use of explosives known to possess lqu reaction zone lengths and
especially phose whose characterstic impedances very nearly equalled the shock
impedance of water, thus assuring that the impedance mismatch equation represented
a good approximation for the pressure in the explosive and that conditions in the
reaction zone would not be altered to any appreciable extent by compression or
rarefaction waves reflected from the explosive-water interface.

The exptosivgs included in this study were pelleted TNT of standard Tylgr
mesh sizes, -4+6, -6+8, -8+10; -48+65 granular TNT; loose packed 50/50 NH4NO3/
TNT,; ??g)past 50/50 amatol. Also included here are measurements made by

for

Baver the "blasting agents", 94/6 AN/fuel oil.and the coarse TNT and

n (18)

Composition B "slurries'", because the reaction zone lengths of blasting

agents are quite likely among the 1longest of all detorating explosives. Also
additional measurements are included for explosives of much shorter reaction
zone length, namely granular RDX, granular RDX-salt, cast TNT, cast 65/35 baratol,
50/50 pentolite, Composition B, HBX-1, and a special explosive X. Measurements
of this type were presented previously for pentolite, Composition B, TNT and
tetryl by Cook, Pack and McEwan(16) and are included here for completeness.
Except for a study with Composition B and one with a special explosive X
where charge length was varied to observe transient effects of pressure vs charge
length the charge lengths used in this investigation were all at least four
charge diameters in order to insure that the detonation velocity was constant
before the detonation front reached the end of the charge. 1In the case of the
pelleted TNT and the blasting agents, all of which possessed long reaction zone
lengths, the charge diameters were varied between values extending in some cases

from the critical diameter to a diameter sufficiently large for the detonation

velocity to be nearly ideal.



S =

Results

(a) Shock paramerer determinations

Table 1 presents the exparimental shock velocity, free surface velocity,
particle velocity (W = st/Z) and pressure results for water. In Fig. 4 are
plotted the experimental points with pressure as the ordinate and shock velocity
as the abscissa. Fig. 5 presents a similar plot in which the low pressure parf
of the curve of Fig. 4 has been expanded to a larger scale. On both figures
the smooth curve through the points represents an approximate best fit as ''drawn
by eye'" to the data. Velocity-pressure values from this curve of best fit are
given in Table I1 and represent the most reliahle values.

Results of Snay and Rosenbaum,(s) and Walsh and Rice(ll) also are plotted
in Fig. 4. Note that Snay and Rosenbaum's results agree with the results of
the present study at pressures up to about 10 kb, and from thence there is a
tendency for their data to bear to the left showing that their results indicate
a greater compressibility. The results of Walsh and Rice fall about midway
between those of Snay and Rosenbaum and this study. The differences in compression
between the results of Walsh and Rice, which should be more comprehensive than
Snay and Rosenbaum's data, and the data of this study were 3.2% for a shock
velocity in water of 3500 m/sec and 2.8% for a shock velocity of 5500 m/sec,
corresponding to pressures of 31 kb and 125 kb, respectively. The disagreement
in pressures at these two velocities amounts to 9.77% for the lower velocity and
4.2% fo; the higher one.

The agreement between the shoék parameter data for water 6btained~by Walsh
and Rice and the data of this investigation is reasonably good. One may conclude,
therefore, that the Rankine Hugoniot curves for water are now known with
sufficient accuracy that water may reliably be used as the transmission medium
for the measurement of pressures in shock and detonation waves.

In Table III are listed shock-parameter results for lucite in the form of
shock velocity vs shock pressure, the data being portrayed graphically-in Fig. 6.
Ne differentiatidn was made infeither case as to which of the two methods was
used to obtain a given p(V) point because the results of the two methods were

indistinguishable within the limits of the experimental error involved. The

smoothed results representing the most reliable values are given in Table IV.
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Table [: Experimental shock parameter data for water (20°C + 5C°)

Shot Shock Velocity Free Surface Particle Velocity Shock Pressure
No .* (m/sec) Velocity (m/sec) (kilobars)
, : (m/sec)
170 1630 143 72 1.16
182 1710 229 115 1.96
167 1810 355 178 Dokl
168 1890 377 189 357
178 1780 ° 360 180 3.20
179 1820 368 184 3.35
169 2050 556 278 5.70
177 2070 550 275 5.69
176 - 2110 605 303 6.38
29 2410 940 470 11.3
40 2260 ‘ 900 450 10.2
41 © 2300 920 460 10.6
174 2800 1010 505 L4e!
175 f 2760 1020 ‘ 510 s
171 © 3540 1600 800 2818
199 3510 . 1780 890 3192
21 3680 1740 870 2260
187 4000 2150 1080 43.0
6 4330 © 2760 1380 29 8
19 4240 - 2830 1420 60.0
193 4250 3160 1580 67.2
195 4490 3080 1540 69.1
194 4750 3130 1570 74.3
196 4720 3040 1520 195
5 4650 3160 1580 73.5
13} 4810 3310 1660 79.6
32 4610 3080 1540 70.9
201 4930 3230 1620 79.6
202 . 4750 3230 1620" 77.8
203 4750 3280 1640 7] %
17 4680 3420 1710 80.0
30 4900 3290 1650 80.6
204 5070 3540 . 1770 89.7
205 4900 3560 1780 8Ve2
206 4900 3570 1790 B /56
207 4870 3540 1770 86.2
200 4810 3380 1690 81.2
18 4960 3800 - 1900 94.2
16 5070 3840 1920 )7 03]

* Note: Shot number has been included for convenience of the writers.
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Table I: Continued

Shot Shock Velocity Free Surface Particle Velocity Shock Pressure
No. (m/sec) Velocity (m/sec) (kilobars)
. (m/sec)
4 5080 3850 1930 ) 98
190 5070 4200 2100 106
11 5470 4100 2050 112
189 5380 4210 2110 = 113
192 5530 4120 2060 114
213 5570 4110 2060 114
1 5480 4590 2350 128
2 5580 4440 2220 124
3 5320 4500 2250 120
10 5610 4400 2200 123
36 5420 4440 2220 120
37 5330 4490 2250 120
38 5410 4530 2270 1522
34 5660 4730 2370 134
9 6050 4720 2360 143
183 6010 5040 2520 151
181 6130 4980 2490 153
184 6270 5090 2550 160
185 6200 5150 2580 ‘ 160
186 6290 4980 2490 157

Table TI: Smoothed shock parameter results for water (20°C + 5C°)

Shock Velocity Shock Pressure Shock Velocity Shock Pressure
(m/sec) (kilobars) (m/sec) (kilobars)
1450 Sonic 3450. 30.0
1620 140 3820 40.0
1740 250 4120 50.0
1840 3.0 *4350 60.0
1940 4.0 4570 70.0
2020 50 4780 80.0
2100 6.0 4980 90.0
2170 7.0 5170 100.0
2240 8.0 5350 110.0
2310 9.0 5530 120.0
2380 10.0 5700 130.0
2680 15.0 5870 140.0
2980 20.0 6040 150.0

6200 160.0
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Table I11: Experimental shock parameter data for lucite

Shock Velocity Shock Pressure Shock Velocity Shock Pressure
(m/sec) i (kilobars) (m/sec) (kilobars)
3300 19 4000 33
3400 23 4000 25
3520 23 4400 48
3700 27 4620 59
3740 ' 29 5370 105
3800 30 6040 134
3800 31 €200 166
3950 32 6360 169

Table 1V: Smoothed shock parameter data for lucite

Shock Velocity Shock Pressure Shock Velocity Shock Pressure
" (m/sec) (kilobars) (m/sec) (kilobars)

3350 20 5410 100

3820 30 5560 110

4160 40 © 5700 120

4430 50 5840 130

4670 60 5960 . 140

4880 70 6100 150

5070 80 6210 ' 160

5250 90 6330 170
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Note that in Fig. 6 the curve was not extended to the sonic velocity because
it was found that considerable variation existed in values of sonic velocity

available for lucite, and thus the true value was uncertain.

(b) Detonation pressure measurements

Results obtained for the military-type explosives in which the charge length
was maintained at approximately 4 diameters to assure that the detonation wave
was steady are listed in Table V All the charges in this case may be considered
to be unconfined, the cast chérges being bare and the loose charges being con-
tained in 1/16" thick pasteboard tubing. Jn Table V are listed the type
explosive, the charge density, rhe charge diameter, the measured detonation
velocity (D), the initial velocity of the shock transmitted into water (Vt)’
the initial pressure of the shock front in water (pt), the ideal or hydrodynamic
veloqity D¥ corresponding to the given density, the pressure of the detonation
wave or incident wave (pi) calculated through application of equation (1) (the
impedance mismatch equation), the ideal detonation pressure calculated by means
of thermohydrodynamic theory as outlined in Ref. 19, the ratio of pressure of
the incident wave or detonation wave to ideal detonatinn pressure, and the
(D/D*)2 ratio. Table VI lists similar data for loose-packed 50/50 AN/TNT
mixtures which, similar. to coarse TNT, represents another explosive of long
reaction zone length.

Fig. 7 presents results for special explosive X in 5 cm diameter and
Composition B in 4.8 cm diameter for which the charge length was varied from
l cm to 6 cm to determine if a pressure-buildup effect existed in explosives
of very short reaction zone lengths where one would expect no detonation
velocity transient. These charges were all boostered with identical 1/2" x 1"
pressed RDX boosters. With such short charges, however, difficulty was
encountered in measuring the initial velocity of the shock wave in water
because of a rapid attenuation in velocity of the shock in the aquarium. The
plot of the results indicates, despite the observed scatter, a small pickup
in detonation pressure as the charge length was increased. Whether or not the
detonation velocity increased slightly over this region in order to produce the

pressure pickup was not determined.
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Fig. 7: Pressure of the detonation wave (measured by the aquarium technique) =2s
a function of charge length for 5 cm diameter special explosive X and
4.8 cm diameter Composition B boosterad with 1/2" x 1'" pressed RDX.

Data for the commercial blasting agents are given in Table VII through the
courtesy of the Intermountain Research and Engineering Company, Salt Lake City,
Utah. These results are given both for unconfined charges and charges confined
in 3/8" thick or 1/4" thick steel tubing. One will note that the detonation
velocity and pressure of the low density AN/fuel oil mix was very sensitive to
confinement. In 5" diameter unconfined charges the detonation velocity was
only 2770 m/sec which corresponded to a D/D* ratio of only 0.66 while with
3/8" steel confinement in the same diameter the detonation velocity was 3930
m/sec corresponding to a D/D* ratio of 0.94. The DBA series of coarse TNT
or Composition B "slurries'" were much less sensitive to confinement probably
because the detonation pressure is much higher.

In comparing the measured values given in Table V for pressure in the
explosive, that is, pressure in the incident waves (pi) obtained by the

aquarium technique with the Chapman-Jouguet value of the detonation pressures
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calculated from thermohydrodynamic theory, one will note that in every case
where the detonation wave piropagated at ideal velocity, p; was found to agree
within experimental error with the calculated detonation pressure. A similar
result was found in the study of Ref. 12, data for which are given in Table
VII. Unfortunately, accurate thermohydrodynamic calculations were not
immediately available for the 50/50 AN/TNT mixtures in Table VI to provide
similar comparisons. However, with the experimental results listed in Table VI
are given for comparison the results frcm two rather old thermohydrodynamic
computations which are not in agreement. One will note that in terms of one

of the thermohydrodynamic calculations an overpressure of a few percent was
measured consistently for the detonation front with respect to the Chapman-
Jouguet pressure, while in comparison to the other calculation no overpressure
existed. This discrepancy could be resolved with an accurate thermohydrodynamic
calculaticn. However, it was considerad beyond the realm of this study to
perform such a calculation.

It should be stressed that in the case of most of the loose-packed explosives
the impedance match between the explosive and water was very good. Therefore,
calculations of pressure in the incident medium in terms of pressure of the
transmitting medium, through application of the shock impedance mismatch equation,
should be very reliable. Furthermore, conditions in the reaction zone would not be
affected appreciably by reflected compression or rarefaction waves from the
explosive-water interface.

Since the pressure through a detonation wave is given by the relation
p = P1DW one would expect that in non-ideal detonations the Chapman-Jouguet
pressure, which is defined as the pressure at the surface in the wave ahead
of which chemical reaction supports propagation and behind which chemical
reaction lends no support, should be given by

p 2 (o/D%) p} )
where asterisks signify ideal values, pg being the ideal detonation pressure.
Equation (4) assumes that W/D depends only on P, and not on D/D*, an assumption
well justified by the(fg;erality of the covolume-specific volume (alv] curve

for high explosives). Comparisons of (D/D*)2 with p/ég given in Tables

V, VI and VII indeed show a striking agreement in most cases.
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Some very important information regarding the pressure or particle velocity
profiles of detonation waves are apparent from this study. According to the
Zeldovich-von Neumann concept, which is based upon transport phenomena being
neglig&ble in a detonation wave, the pressure at the detonation front should be
approximately twice the Chapman-Jouguet pressure. Then as chemical reaction
proceeds the pressure decays along the Rayleigh line to the Chapman Jouguet
value at the end of the reaction zone. For explcsives of reaction zone length

of the order of a few mm or less, e.g., Composition B, the presence of the

von Neumann spike would be very difficult to detect. As mentioned earlier
previous experiments to determine the pressure profiles through reaction zones
by means of the aluminum free surface velocity technique were devoted primarily
to explosives of very short reaction zone length, i.e., Composition B. This
choice of explosive necessitated the use of very thin plates for which the free
surface velocity measurements were in question. Since there is no reason to
believe that an overpressure, if present, would exist in a rapidly reacting
explosive and not in a slowly reacting one, it would seem prudent to look for
evidence of a spike in slowly reacting explosives. The blasting agents listed
in Table VII represent a class of explosives known to possess the longest reaction
zones of the detonating type explosives, and according to any published theory
possess reaction zone lengths sufficiently great that a spike could easily be
detected by the aquarium technique. The coarse TNT series, especially -4+6
mesh TNT, and the loose packed 50/50 AN/TNT series, also have reaction zone
lengths which are ample for easy detection of a spike by the aquarium technique,
yet no evidence of a spike overpressure was noted in any case (except a few
percent for the 50/50 AN/TNT when comparisons were made to one of the thermo-
hydrodynamic calculations).

Fig. 8 shows a streak camera trace illustrating the aquarium technique for
measuring detonation pressures by transmitted shock waves in water. In this
case the charge consisted of a slurry explosive detonated in a 5" I.D. steel
tube. Note the slow attenuation of the velocity of the shock wave in water.

This is typical of large charges and permits an accurate measurement of the

initial velocity of the shock.
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In conclusion, therefore, since even with explosives possessing the longest
known reaction zone lengths, the aquarium technique measured the Chapman-Jouguet
value of the detonation pressure, it appears that the highest pressure in the
detonation wave is the Chapman-.Jouguet pressure. This conclusion is strengthened
by the fact that such results have been obtained for cases where the characteristic
impedance of the explosive very nearly equalled the shock impedance of the water
under which condition computations from the impedance mismatch equation would
be expected to be very reliable and waves reflected from the explosive-water

interface would be too small to affect measurably conditions within the reaction

zone.
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